INTRODUCTION
Turnip yellow mosaic virus (TYMV) is a positive strand RNA virus and the type member of the Tymovirus genus. TYMV is a non-enveloped virus that consists of 180 identical copies of a single 20-kDa coat protein, arranged in a T=3 icosahedron with a diameter of 28 nm (1) . TYMV has a monopartite 6.3 kb genomic RNA (gRNA) that encodes p206, p69, and a coat protein (2) . The multifunctional p206 is self-cleaved to yield two proteins p140 and p66, the latter of which is a RNA-dependent RNA polymerase. p140 contains domains indicative of methyltransferase, protease, and NTPase/helicase activities. p69, a movement protein, is produced from an open reading frame (ORF) that extensively overlaps with the p206 ORF. Recently, p69 was reported to also serve as a gene-silencing suppressor (3) . The coat protein is expressed from a subgenomic RNA (sgRNA) that is produced during replication of TYMV.
Despite large sequence differences, Hellendoorn et al. (4) observed remarkable similarity among tymoviruses in the secondary structures of their 5' untranslated regions (5'-UTR), which contain a symmetrical internal loop consisting of C-C or C-A mismatches. Hairpin structures containing the mismatches were reported to become more stable at low pH by C-C and C-A base pairing due to protonated C residues (4, 5) . TYMV gRNA has two such hairpin structures in its 5'-UTR, which were reported to be essential for replication and long-distance systemic movement; lack of the 5'-UTR hairpins resulted in significantly reduced disease symptoms and deficient viral spread (6) . In this study, we wanted to get quantitative assessment of the role of the two hairpins in TYMV replication, since the previous study relied primarily on symptom observation to get information on viral replication and systemic movement. We also wanted to examine the contribution of each hairpin to viral propagation.
To this end, we made a series of TYMV constructs where one or both of the 5'-UTR hairpins were deleted. We introduced these constructs into Chinese cabbage plants employing the Agrobacterium-mediated T-DNA transfer method (agroinfiltration). To get quantitative assessment of viral propagation in vivo, the behavior of each construct was examined by analyzing the viral RNAs in agroinfiltrated and systemic leaves of the plants. The results show that both 5'-UTR hairpins are necessary to fully serve as a replication enhancing element. It also turns out that the second hairpin is more important in the viral life cycle than the 5' proximal hairpin, since the second hairpin was observed to be essential for efficient systemic spread of the virus.
RESULTS AND DISCUSSION

5'-UTR hairpins are required for efficient replication and systemic spread
To assess the role of the two hairpins in the 5'-UTR of the TYMV gRNA, we made a deletion construct, TY△HP, lacking the two hairpins (Fig. 1 ). This mutant TYMV genome was constructed by replacing the 5'-UTR of the wild-type TYMV construct, TY W (7), with that of a mutant construct that lacks the nucleotides between #18 and #83. The mutant construct was introduced into Chinese cabbage using the Agrobacterium-mediated T-DNA transfer system. Seven days after agroinfiltration, the infiltrated leaf was collected for RNA extraction.
Northern blot analysis of the hairpin deletion mutant showed that the mutant replicated poorly. Roughly, the level of the mutant RNA decreased to 1/100 of wild type (lanes "I" in Fig. 2A) . http://bmbreports.org BMB reports I, 3 rd leaf) and the systemic leaf (S, 6 th leaf) were collected seven days after agroinfiltration. Total RNA (2 μg) samples were size-fractionated by 1.0% agarose gel electrophoresis and examined by Northern blot analysis using DIG-labeled coat protein DNA as a probe. RNA samples from the leaves infiltrated with TY W were diluted to 1:100 before loading. B) Western blot analysis of coat protein (CP) expression. Leaf samples collected seven days after agroinfiltration were analyzed by 12.5% SDS-polyacrylamide gel electrophoresis and Western blot using anti-TYMV CP rabbit antiserum. The TY W samples were diluted 1:100 before loading.
Although inefficient, replication of the mutant occurred, as evidenced by the presence of sgRNA. To examine if the deletion of the two hairpins influence the systemic spread of the mutant virus, the distant, uninoculated 6 th leaf as well as the agroinfiltrated 3 rd leaf were collected seven days after agroinfiltration. Northern blot analysis showed that no viral RNAs were detected in the systemic leaf of plants agroinfiltrated with the TY△HP (see lanes "S" in Fig. 2A ), indicating that long-distance systemic movement of the mutant was greatly impaired by the deletion. Systemic movement of the mutant virus was not detected even after 14 days (data not shown). Analysis of coat protein expression also indicated a reduction in both replication and systemic movement of the mutant (Fig. 2B ). As shown in Fig. 2A and 2B, more abundant viral RNA and coat protein were frequently observed in the systemic leaf than in the agroinfiltrated leaf. This is presumably ascribed to necrosis that occurred in the region where Agrobacterium was infiltrated, resulting in diminished replication in the inoculated leaf.
Curiously, roughly equal numbers of gRNA and sgRNA are produced from the deletion mutant, similar to wild type ( Fig.  2A ). This seems to be a puzzle considering that the (+) strand gRNA and sgRNA are both produced from the same (-) strand template; synthesis of TYMV sgRNA occurs by internal initiation of transcription on a promoter, called the tymobox, located on the (-) strand RNA (8) . Since the tymobox was intact in the 5'-UTR mutant, it was expected that asymmetric production of gRNA and the sgRNA would occur in the mutant. However, this was not the case. An explanation could be that sgRNA production is not independent of the (+) strand gRNA synthesis but the two are somehow interconnected with each other so that reduced initiation at the 3'-end of the (-) strand also decreases the transcription initiation at the tymobox. It remains to be seen whether or not this hypothesis is true.
Hairpin 2 plays a role in both replication and long-distance systemic movement
In order to examine the contribution of each hairpin to TYMV propagation, we have constructed two deletion mutants in which one of the two hairpins was deleted (Fig. 1 ). The con-http://bmbreports.org , and the infiltrated (I) or systemic (S) leaf was collected seven days after the infiltration. 0.2 μg of total RNA extracted from the leaf was analyzed by Northern blot hybridization as described in Fig. 2 . B) Replication and long-distance movement of hairpin mutants. In the Northern analysis, 2 μg of total RNA was used in the cases of △HP1 and △HP2, whereas 1/10 of that amount (0.2 μg) was used for the analysis of TY 11S . C) Coat protein expression of hairpin mutants. The leaf extracts prepared seven days after agroinfiltration were examined by Western analysis as described in Fig. 2 . structs lacking either hairpin 1 (HP1) or hairpin 2 (HP2) were made using the TY 11S construct, where a SpeI site was introduced into the 5'-UTR by substituting the #13 nucleotide C with U and #15 nucleotide A with G. The TYMV variant TY 11S replicated and moved to distant leaves as efficiently as the wild type did (Fig. 3A) . Nucleotides between #12 and #79 of TY 11S were removed by digestion with SpeI and MfeI, and these nucleotides were replaced with a sequence that had a deletion of either one of the two hairpins. Analysis of total RNA from inoculated leaves showed that the two mutants, lacking either one of the two hairpins, did not replicate as well as the wild type did. We repeated the experiment five times and observed that replication of the two mutants was about the same at 10 to 20% of wild type (Fig. 3B ). This suggests that the two hairpins equally contribute to replication of TYMV and that both hairpins are needed to fully enhance replication.
The influence of each hairpin deletion on systemic spread of the mutant virus was examined by analyzing the distant, uninoculated 6 th leaf collected seven days after agroinfiltration of the 3 rd leaf. The result showed that lack of HP2 greatly reduced systemic spread (Fig. 3B) . Absence of HP1 did not significantly affect the long-distance viral movement. The same result was obtained from the analysis of coat protein expression (Fig. 3C) . Unlike the deletion of both hairpins, deletion of the HP2 alone did not completely abolish the systemic spread. The mutant viral RNA levels that accumulated in the systemic leaf 14 days after agroinfiltration were comparable to those in the inoculated leaf, and small quantities of viral RNA were sometimes detected in the systemic leaf as early as seven days after agroinfiltration (data not shown). Thus, the systemic spread was not completely blocked but delayed in the case of the △HP2 mutant.
This observation was unexpected since previous studies have indicated the contrary. Helendoorn et al. (6) examined mutants where all or part of the C-C and C-A mismatches in the internal loop of the 5' proximal hairpin (HP1) were modified into C-G and U-A base pairs. After propagating the mutants for up to five serial passages of infection, they found that the C-C and C-A mismatches were regenerated in the revertants showing a wild-type phenotype. Bink et al. (5) demonstrated that the 5' proximal hairpin bound specifically to empty capsids in vitro under acidic conditions (pH 4.5) in the presence of spermidine. They also showed that encapsidation efficiency was considerably reduced in several mutants lacking the protonatable mismatches. Later, they observed that stabilization of the 5' proximal hairpin inhibited translation and delayed the development of symptoms on plants. Based on these observations, they proposed a model where a stabilized proximal hairpin is used as an encapsidation initiation signal, while a destabilized hairpin leads to an increased translation efficiency (9) . Now that the previously unknown role of the HP2 has been revealed in this study, we examined if there was either a mix-up in the constructs or a change in sequence during propagation of the mutants in plants. We analyzed the viral RNA retrieved from the leaf agroinfiltrated with the △HP1 construct as well as the systemic leaf. The sequence comprising the 5'-UTR and about 240 nucleotides of the coding region was amplified by RT-PCR. After cloning the PCR products into a plasmid vector, we randomly selected five clones representing the viral RNA in the agroinfiltrated leaf and another five representing the RNA in the systemic leaf and analyzed their sequences. The result showed that the sequences of all 10 clones were identical to that of the △HP1 construct. This shows that there was neither a mix-up in the constructs nor a change in the sequence during virus propagation.
Mutagenesis of hairpin 2 confirms its importance in long-distance systemic movement
The results in Fig. 3 indicate that HP2 is more important during the viral life cycle than HP1. To examine which part of HP2 is important, we introduced mutations in the internal http://bmbreports.org BMB reports (TL-C). In the IL mutant, the C-C and C-A mismatches were modified into U-C and A-A non-Watson-Crick pairs, respectively. In the TL-A and TL-C constructs, the terminal loop and the short neck below were modified. The substituted bases are indicated by circles. All these constructs lack HP1. B) Northern blot analysis of replication and systemic movement of the hairpin mutants. The upper and lower panels represent the leaf samples collected seven and ten days, respectively, after agroinfiltration. (C) Western blot analysis of the mutants. The leaf samples were collected seven days after agroinfiltration and analyzed as described in Fig. 2. loop of HP2. We modified the C-C mismatches to either A-A or U-C, and the C-A mismatches to A-A so that they would not base pair with each other irrespective of pH. We did not introduce C-G or U-A base pairs in place of the mismatches, since too stable a stem loop structure would inhibit translation, as observed by Bink et al. (9) . The resulting construct was designated as △HP1-mHP2 IL (Fig. 4A ). When we analyzed the total RNAs from the agroinfiltrated and systemic leaves collected seven days after agroinfiltration, it was observed that replication was not significantly reduced by the sequence change (Fig. 4B) . The systemic movement of the mutant was, however, significantly impaired. Like the △HP2 mutant, the systemic movement was not completely blocked but delayed, since the mutant viral RNA was detected in the systemic leaves 10 days after agroinfiltration (lower panel of Fig. 4B ). Calculations using Mfold (10), an RNA secondary structure prediction software, shows that the minimum free energy of the hairpin structure was not changed by the sequence alteration, indicating that the sequence of the internal loop or the identity of the mismatches is important during systemic viral movement. Systemic spread of △HP1-mHP2 IL seems less impaired when compared to that of △HP2, suggesting that other parts of HP2 might also be important.
We also modified the terminal loop and the neighboring short neck of the HP2. In one construct, the sequence of the terminal loop was modified from GUAA to AAAA. The neck was modified from C-G and U-A pairs to G-C and A-U pairs. This mutant was termed △HP1-mHP2 TL-A (Fig. 4A ). In the other construct, the loop sequence was modified to CCCC, yielding △HP1-mHP2
. The replication of these mutants was significantly decreased compared to △HP1. The systemic movement of these mutants was significantly more affected (Fig.  4B) . The mutant viral RNA was not detected in the systemic leaves even after 10 days of agroinoculation. This may indicate the importance of the terminal loop, especially in the systemic movement of TYMV. Analysis of the hairpin stability using Mfold, however, showed that the hairpin became far less stable with the modification of the loop in both cases; the △G value was changed from -7.4 to -4 kcal/mol (△HP1-mHP2 TL-A ) or to -3 kcal/mol (△HP1-mHP2 TL-C ). Thus, it could be that the impairment of systemic movement was simply due to the unstable hairpin structure rather than the change in sequence. Mfold analysis showed that the stability of the hairpin did not change significantly as a result of the modification of the neck.
Taken together, HP2 seems to be a determining factor for efficient systemic movement of TYMV. However, it is not clear how HP2 influences systemic movement of the virus. It has been reported that TYMV needs p69 for cell-to-cell movement and the coat protein for long-distance systemic infection (11, 12) . Thus, the phenotype observed with the hairpin deletion mutants TY△HP and △HP2 seems to be more related to coat protein mutation rather than to p69 mutation. Western analysis, however, showed that reduced synthesis of coat proteins was hardly the cause for the delay of systemic movement; coat protein production from the △HP1 and △HP2 mutants was about the same, but impairment of systemic spread was observed only with the △HP2 mutant (Fig. 3C) . Additionally, the △HP2 mutant RNA was as efficiently encapsidated as the △HP1 RNA (data not shown).
Then, what caused the delay of the systemic spread of the HP2 mutant? Concerning this issue, Matsuda et al. (13) showed that the same deletion as in TY△HP caused a decrease in p69 translation but an increase in p206 translation. Since deletion of both hairpins or deletion of just HP2 would give the same context as far as the translation initiation of p69 is concerned, there is a good possibility that deletion of HP2 also causes a decrease in p69 synthesis as in the case of TY△HP. This interpretation leads to the idea that a decrease in p69 synthesis may result in inefficient systemic movement. This means that p69 performs a role in both the long-distance systemic spread as well as in the cell-to-cell movement of the virus, which should be verified in future experiments.
MATERIALS AND METHODS
DNA constructs
To make a deletion construct lacking the two 5'-UTR hairpins, we used a mutant TYMV construct lacking the nucleotides between #18 and #83. The mutant construct was kindly provided by Dr. Matsuda. The mutant 5'-UTR and part of the TYMV coding region (about 550 nucleotides) was amplified by PCR, and cloned into the StuI/KpnI site of the pCass2 vector (14) . After verifying the sequence, the DNA between the HindIII and NcoI sites containing the vector's dual 35S promoter plus some TYMV sequence was used to replace the DNA in the wild-type construct, TY W (7). A SpeI restriction site was introduced into the TY W by substituting C and A at the nucleotide positions #13 and #15 with T and G, respectively. For this mutagenesis, the TYMV genome was PCR-amplified using the following primers: 5'-GCACGTA CGTAATCAACTACTAGTTCCAGCTCT (upstream primer; TYMV sequence is italicized. The substituted nucleotides T and G are in bold face. The SnaBI and SpeI sites are underlined) and 5'-G TGTGGTACCAACTTTGGGTAGAAGGAT (downstream primer; TYMC sequences are italicized and the KpnI site is underlined). The PCR product was digested with SnaBI and KpnI, and then cloned into the StuI/KpnI sites of the pCass2 vector. The DNA fragment between HindIII and NcoI was then used to replace the DNA of the TY W , as described above, to produce a variant TYMV construct, TY 11S . The mutants lacking one of the two hairpins were constructed using TY
11S
. The DNA between the SpeI and MfeI sites was removed and replaced with the DNA containing the mutation. The variant DNA lacking HP1 was made by annealing the following oligonucleotides: dHP1(+)1 (5'-CTAGTTCTT ATACCCAC), dHP1(+)2 (5'-TTCCGTACACTTGCAACCCTCG TAAGAC), dHP1(-)1 (5'-AATTGTCTTACGAGGG), and dHP1(-)2 (5'-TTGCAAGTGTACGGAAGTGGGTATAAGAA). The upper sense strand is indicated by (+) and the lower complementary strand by (-). The variant DNA lacking HP2 was made similarly. The resulting constructs were designated as △HP1 and △HP2, respectively. The constructs △HP1-mHP2 IL , △HP1-mHP2 TL-A , and △HP1-mHP2 TL-C were made by replacing the DNA between the SpeI and MfeI sites of TY 11S with the DNA containing the desired mutation.
Agroinfiltration
Agrobacterium tumefaciens bacteria for agroinfiltration were prepared as described (7) . Before agroinfiltration, the bacterial culture (final OD 600 was adjusted to 0.5) was incubated at room temperature for 3-4 h in AgroI medium and then infiltrated into the 3 rd true leaf of approximately 3-week-old Chinese cabbage plants with a 1 ml syringe lacking a needle. Seven to fourteen days after agroinfiltration, the infiltrated leaves and the systemic (6 th ) leaves were collected. The leaf samples were frozen in liquid nitrogen immediately after collection and stored at -80 o C.
Analysis of coat protein expression
Coat protein expression was examined by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blot analysis. Leaf samples (0.1 g) were ground with a mortar and pestle, and then 400 μl of 2× sample buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 2% 2-mercaptoethanol, and 10 μg/ml bromophenol blue) was added. The sample was boiled for 5 min before storage at -20 o C. Samples were separated by 12.5% SDS-PAGE and then electroblotted to nitrocellulose for detection with anti-TYMV rabbit antiserum. The membrane was exposed to goat anti-rabbit HRP conjugate (Bio-Rad) and developed using 4-Cl-1-naphthol (Bio-Rad) as coloring agent.
Analysis of RNA
Total RNA was isolated from frozen leaf samples using Trizol (Invitrogen). RNA samples were resuspended in 48% formamide solution containing 10 mM EDTA and incubated at 65 o C for 10 min before electrophoresis on a 1% agarose gel. RNAs were transferred to Hybond N + membranes (Amersham) by capillary transfer using 20X SSC. After UV-crosslinking at 125 mJ, the blots were hybridized with a DNA probe representing the coat protein ORF (#5641 to #6231). The probe DNA was amplified by PCR and labeled with digoxigenin (DIG) using DIG-dUTP, as described by Wang et al. (15) . The blots were developed by chemiluminescent immunodetection of DIG (Roche Molecular Biochemicals).
Reverse transcription (RT)-PCR
2 μg of total RNA sample was pre-treated with 2 units of RNase-free DNase I (Promega) and was used in a cDNA synthesis reaction with the M-MLV RT-PCR kit (Corebio System, Korea). The oligonucleotide primer used in the cDNA synthesis was TY(-)323 (5'-GAAAAGTCTCGATTGTCTTGT). The viral sequence was then amplified by PCR using TY(-)323 as a downstream primer and TY(+)1 (5'-GTAATCAACTACCAATT) as an upstream primer. For sequence analysis, the PCR product was purified from an agarose gel after electrophoresis and ligated to a plasmid DNA that has a T-overhang at the 3'-ends.
